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[1] Images obtained by the Visible and Infrared Thermal Imaging Spectrometer
(VIRTIS)-M channel instrument onboard Venus Express have been used to retrieve maps
and apparent motions of the O, (‘A) infrared nightglow on Venus at 1.27 um. The
nightglow distribution is highly inhomogeneous with the regions of brightest emission
generally located at low latitudes near the midnight meridian. Unexpectedly some orbits
show also intense airglow activity over the south polar region. The spatially resolved
airglow is spectacularly variable not only in its morphology and intensity but also in the
apparent motions of the airglow small- and large-scale structures. Visual tracking of the
bright features allowed to obtain mean zonal and meridional motions related to the
subsolar to antisolar circulation. The zonal velocity is dominated by an intense prograde
jet (contrary to the retrograde planetary rotation) from dawn to midnight extending up to
22 hours in local time with lower velocities and reversed sign from dusk. Typical zonal
velocities range between +60 (prograde) to —50 (retrograde) m/s, whereas most
meridional velocities range from —20 (poleward) to +100 m/s (equatorward) with an
average meridional circulation of +20 m/s toward low latitudes. The brightest small-scale
(~100 km) features appear correlated with locations of apparent convergence which may
be a signature of compression and downwelling, whereas this is not evident for the large-
scale structures suggesting slow subsidence over large areas mixed with horizontal
motions. We argue that part of the tracked motions are representative of real motions at the

mesosphere over an altitude range of 95—107 km.
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1. Introduction

[2] The circulation of the upper atmosphere of Venus is
traditionally decomposed into two distinct flow patterns at
different altitudes: A subsolar-to-antisolar (SS-AS) thermo-
spheric circulation cell driven by solar heating, stable at
levels above the mesosphere (z > 120 km [Bougher et al.,
1997], and a superrotating zonal (SZ) flow in the planetary
rotation sense at the upper troposphere (z ~ 65 km) [see,
e.g., Gierasch et al., 1997; Markiewitz et al., 2007; Limaye,
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2007; Sanchez-Lavega et al., 2008]. In the transition region,
the mesosphere (70 < z < 120 km), the interaction of both
motions results in a complex circulation that greatly varies
over time [Lellouch et al., 1997; Bougher et al., 2006]. The
global circulation in the mesosphere is probably influenced
by a number of physical processes such as breaking gravity
waves [Alexander, 1992] and diffusive processes, but their
effects over the mesospheric circulation are not well under-
stood or quantified [Bougher et al., 2006]. Additionally, the
return branch of the SS-AS upper circulation must lie
somewhere in the mesosphere but its location has not been
clearly identified.

[3] While the dynamics of the mesosphere of Venus is
hardly accessible to in situ measurements it can be studied
by means of Doppler shifts in certain absorption lines
sensitive to mesospheric levels [e.g., Clancy et al., 2007,
Widemann et al., 2007] but this technique lacks spatial
resolution, requires a sophisticated analysis of the observa-
tions and a precise treatment of systematic errors. A
complimentary technique suited for exploration from a
spacecraft is the study of nightglow molecular emissions
which trace the motions of different chemical species in the
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upper atmosphere with the drawback that the emissions are
coupled with photochemical processes.

[4] Among the many nonthermal emissions produced in
Venus, the oxygen airglow at 1.27 pm is the most intense.
Its was first detected in ground-based observations of Venus
by Connes et al. [1979]. This airglow is produced by the
recombination of oxygen atoms dissociated by photolysis of
CO, at thermospheric altitudes on the sunlit hemisphere. In
the upper mesosphere (95—110 km) three-body recombina-
tion of O atoms leads to O, formation in a particular excited
state, alAg, which is followed by airglow emission as the
molecule relaxes to its X 32; ground state. The radiative
lifetime of O, singlet state is ~70 min. [Lellouch et al.,
1997; Miller et al., 2001]. The O, airglow is observed in the
night-side hemisphere at 1.267 microns [Allen et al., 1992;
Bougher and Borucki, 1994] and with far less intensity in
O, Herzberg 1I visible wavelengths [Krasnopolsky et al.,
1976; Bougher et al., 1997].

[s] It was soon realized that the intense oxygen IR
nightglow is highly variable from day to day [Crisp et al.,
1996], its intensity distribution is generally not symmetric in
latitude [Allen et al., 1992], often exhibits multiple local
maxima, and shows variations on timescales as short as 1
hour [Lellouch et al., 1997]. The related nitric oxide
nightglow emission was mapped during the Pioneer Venus
mission [Stewart et al., 1980] statistically presenting larger
brightness close to the Equator and shifted by about 2 hours
from midnight toward dawn. Both nightglows are
decoupled in height providing information about different
vertical levels: 95—105 km for O, airglow (G. Piccioni et
al., Venus oxygen airglow vertical profile, submitted to
Journal of Geophysical Research, 2008) and ~115 km for
NO [Gérard et al., 2008b].

[6] In this work we have used night side nadir observa-
tions from the Visible and Infrared Thermal Imaging Spec-
trometer (VIRTIS) [Drossart et al., 2007a] on board the
Venus Express orbiter [7itov et al., 2006; Svedhem et al.,
2007] to construct maps of the Venus atmosphere in the O,
emission band. The airglow maps were used to study the
morphology and temporal variability of the airglow. In those
orbits where the airglow is particularly intense we also
measured the displacement of “cloud-like” airglow features.

[7] Preliminary measurements of apparent motions were
presented by Drossart et al. [2007b] for selected orbits.
Gérard et al. [2008a] gave a precise account of the average
distribution of the O, nightglow. Other works in this special
section (Piccioni et al., submitted manuscript, 2008) present
results obtained in limb view which lead to vertical profiles
of the airglow emission.

2. Observations and Methods

[8] We analyzed data obtained during 28 consecutive
orbits between 1 July 2006 and 28 July 2006, one orbit
on 6 August 2006 presenting a good view of the equator, six
orbits between December 2006 and January 2007 and five
orbits from 7 April 2007 to 11 April 2007 that cover the
polar region in higher detail than the rest of the VIRTIS data
set. The data were selected according to the availability of
high-resolution observations, fast repetition in each orbit
(two or more images of the same region separated by lhour)
and the strong airglow emission present during most of the
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selected orbits. The Sun F10.7 flux (a convenient measure-
ment of the solar activity in radio wavelengths commonly
used as a proxy of the Sun’s irradiance in the Extreme
UltraViolet) averaged over July 2006, August 2006, January
2007 and April 2007 was 76 x 10722, 79 x 1077, 84 x
1072 and 72 x 107 W/m* Hz respectively, reflecting
homogeneous conditions for the Sun’s activity close to the
solar minimum.

[v] Oxygen airglow at 1.27 pum superimposes with ther-
mal radiation coming from the lower atmosphere and
partially filtered by the lower clouds. In order to subtract
the thermal contribution from the total airglow signal we
compare VIRTIS fluxes measured in the 1.26—1.28 um
wavelength range to the flux on the 1.18 pum observation
window which provides a nearby region with flux domi-
nated by the lower thermal emission. In addition, O,
photons emitted downward are subsequently backscattered
by the underlying clouds and enhance the measured airglow
radiation. A correction factor of 2.7 was used for nadir
observations and geometry effects were corrected to first
order by multiplying each pixel by the cosine of the
emission angle [Crisp et al., 1996]. This crude estimation
of brightness emission is adequate for VIRTIS observations
of subpolar and midlatitudes (emission angles lower than
40°) but may fail in the few observations containing
information about the tropics and the equator. Finally,
depending on the latitudes being sampled we projected
the images in longitude-latitude maps or polar stereographic
projections to compare images obtained from different
observational geometries.

[10] Images separated by 1 hour allowed to track and
retrieve the displacements of the airglow features in 23 of
the 40 orbits, typically the orbits with higher intensity
airglow structures, being the remaining orbits characterized
by low intensity of the airglow or low contrast of the
observed structures. The apparent motions of distinct air-
glow features were measured visually using the PLIA
software [Peralta et al., 2005].

3. Morphology of the Oxygen Airglow
and Temporal Variability
3.1. Low and Mid Latitudes

[11] As a consequence of the quasi-polar VEX orbit, the
airglow activity at low latitudes is only partially covered by
VIRTIS observations with a resolution of 100 km pix ' in
some cases, while mid to subpolar latitudes are observed on
many orbits with spatial resolution down to 15 km pix .

[12] The statistical distribution of Venus oxygen night-
glow is inhomogeneous with the regions of brightest emis-
sion located at low latitudes near and dawnward of the
midnight meridian [Gérard et al., 2008b]. Maps of airglow
brightness distribution of different regions are presented in
Figure 1 using data from orbits that sample nearly simulta-
neously most of the Southern Hemisphere. On this data set
the equatorial region at midnight always presents high
values of brightness. Large structures with typical sizes of
~3000 km extending from the equator to midlatitudes are
often observed. In most cases the large-scale structures
observed on Figure la are similar to the global structures
seen in the global map of airglow brightness presented by
Gérard et al. [2008a] and constructed by averaging several

2 of 7



E00B02

HUESO ET AL.: DYNAMICS OF VENUS OXYGEN AIRGLOW

E00B02

30 T T T T T

A

15 -

Latitude

-90 1 L Il 1 1

|
Brightness (MR)

0B6LT 05LT 04LT O3LT O02LT O01LT O0O0LT 23LT 22LT 21LT 20LT 19LT
Local Time (hr)

18LT

30 T T T T T

Latitude

-90 . I 1 I

Brightness (MR)

1
06LT OS5LT O4LT O3LT 02LT O01ILT O

OLT 23LT 22LT 21LT 20LT 19LT

18LT

Local Time (hr)

Figure 1.

Airglow intensity map obtained during orbits (a) 87 (16 July 2006) and (b) 91 (20 July 2006).

The wide coverage of the maps is close to half the night-side hemisphere and was obtained using data
from three different VIRTIS data cubes for each map. The mean brightness of the sampled regions close
to the equatorial midnight can change from 5 MR to 1 in a single day but the large values are more

common.

hundred maps from different dates. Remarkably, though
largely expected, the mean airglow brightness in VIRTIS
images (centered at the same latitude and local time and
covering areas as big as 1.5 x 107 km?) changes dramat-
ically from one orbit to other. Changes observed on Figure 1
are sometimes observed on timescales as short as 1 day over
the VIRTIS data set. On the contrary, large-scale structures
as seen on Figure la are stable on timescales of 2 hours or
longer indicating sustained formation of excited oxygen
molecules.

3.2. Polar Latitudes

[13] Gérard et al. [2008a] give an average value of O,
airglow brightness at ~70°S of ~1.2 MegaRayleighs (MR).
In contrast, intense airglow activity can also arise over polar
latitudes in particular orbits. This was unexpected since the
polar regions are far from the antisolar point and should
contain lower densities of oxygen atoms. Figure 2 shows
two images of a sequence of VIRTIS observations of the
most intense airglow brightness over polar latitudes and
viewed with an emission angle lower than 20° for all the
sequence. A gaussian fit to the brightness temporal evolu-
tion of this structure following its motion gives a time decay
of 3 hours with a peak brightness of 7 MR over a 100 km

elongated structure, moving toward lower latitudes with a
meridional velocity of v = 50 + 10 m/s. The brightness
decay in time of this structure was about 2.5 times the
radiative lifetime of the oxygen airglow indicating contin-
uous production of excited molecules over this small region.

[14] The period from 7 to 11 April 2007 was used for
detailed research of the polar area finding intense airglow
activity in all the VIRTIS images and sustained during all
orbits. Figure 3 shows a sequence of observations where
apparent motions of the airglow lead to a polar to low
latitudes apparent motion with v ~ 50 £ 5 m/s. Detailed
motions in the whole movie during this orbit (composed of
12 images at time steps of 30 min to 1 hour) shows that the
airglow evolves by a combination of apparent motions at
small scale and activation and deactivation of airglow
emission structures over extended regions.

4. Apparent Motions and Mesospheric
Circulation

[15] Figure 4 shows apparent motions tracked over air-
glow structures on different dates, latitudes and local times.
The panels show that the morphology of the airglow is
related with the apparent motions tracked. Large-scale
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Figure 2. Polar projections and time evolution of the
brightest airglow structure seen on polar latitudes. Long-
itudes are given in terms of local times. Observations
correspond to orbit 80, 9 July 2006, and the time difference
between both observations is 3 hours.

structures move slowly on one direction (generally perpen-
dicular to the airglow brightness front) while smaller-scale
structures move more rapidly in the direction defined by the
front (see Figure 4a).

[16] The equatorial region covered on Figure 4d looks
turbulent with bright features colliding suggesting that the
observed motions may come from a variety of different
altitude levels. Some of the brightest structures (notably on
Figure 4e, but also on Figures 4c and 4d and particular
regions on Figure 4a) correlate with locations where con-
vergence of the apparent motions is present. This behavior
may not apply to the larger-scale structures, since they
appear surrounded by far less intense airglow features and
thus, it is not possible to retrieve motions around them.

[17] Figure 5 shows the mean horizontal circulation in
Venus’ night-side hemisphere obtained by spatially and
temporally averaging the ensemble of apparent motions
obtained in 23 orbits with ~1000 tracked motions. The
upper part of Figure 5 also shows the local time-latitude
location of the specific regions displayed in Figure 4. The
large variability in intensity and direction of the velocities,
which sometimes can be as high as 100 m/s, results in low
values of the average speeds. The most remarkable feature
in this plot is a repeatedly observed jet at 35°S with an
average zonal speed of u = 30 m/s opposite to the planetary
rotation and with motions twice as intense in the early
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morning hours (0600 0200 local time) and reversed in
direction from 1800 to 2000 local time. The meridional
motions are more intense at subpolar latitudes (70°S) with
average velocities of v ~ 20 m/s, decreasing toward lower
latitudes and reaching a minimum value of v ~ 5 m/s at
15°S and increasing again at equatorial latitudes.

[18] In the orbits with high intensities of the airglow
emission (notably on the equatorial case and the five polar
orbits) the displacements of the airglow brightness patterns
seem to take place at different altitude levels since the
images show a mixture of structures moving with different
speeds that visually seem to superimpose. In support of this
interpretation, limb observations of airglow activity some-

Local Time (hr) Local Time (hr)

Local Time (hr)

Local Time (hr)

Figure 3. Polar projections and time evolution of the
1.267 pm radiance over orbit 355 obtained on 27 August
2007 at local times: (a) 1539, (b) 1739, (c¢) 1939, and
(d) 2209. The brightest airglow features have an intensity of
1.8 MR on the first image and longitudes are given in terms
of local times. The global apparent motions are toward
higher latitudes. Some of the structures like the bright arm at
68°S in Figure 3d appear suddenly and are not related with
horizontal motions but with the sudden airglow brightening
of new regions.
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Figure 4. Average apparent motions and correlation with the airglow intensity for selected orbits:
(a) orbit 96 obtained on 25 July 2006; (b) orbit 99 obtained on 28 July 2006; (c) orbit 76 obtained on
5 July 2006; (d) orbit 108 obtained on 6 August 2006; (e) orbit 84 obtained on 13 July 2006; and
(f) orbit 80 obtained on 9 July 2006. The maps cover a significant portion of the local time-latitude
plane showing repeatedly observed motions, like the zonal jet at 30°S—45°S opposite to the planetary
rotation (Figures 4a, 4b, 4e, and 4f). Opposite motions between 45°S and 75°S that seem part of a
close circulation are observed at different local times on different orbits (Figure 4b); meridional
motions are toward the pole (Figure 4a) but generally directed toward low latitudes (Figures 4a, 4b, 4c,
and 4f). The few observations of the equator show chaotic motions with a mean prograde (in the
planetary rotation sense) component (Figure 4d). Brightness emission given are only approximative for

Figure 4d with emission angles ~70°.

times presents peaks at two different altitude levels, one at
96 + 1 km altitude and a second peak at 103—107 km
altitude (Piccioni et al., submitted manuscript, 2008).

5. Discussion

[19] The average motions obtained are in agreement with
a subsolar to antisolar circulation at the IR oxygen airglow
levels (~96 km) with evident meridional motions from
polar to low latitudes and large variability of the zonal
and meridional components.

[20] Caution must be taken in interpreting the airglow
brightness patterns displacements as tracers of flow motions
in the lower mesosphere. They could be influenced by the
activation and/or deactivation of airglow emission at spe-
cific regions by other phenomena (i.e., gravity waves
affecting atmospheric density, localized or extended regions
of downwelling, atmospheric diffusivity, etc).

[21] An additional level of complexity is introduced by
the radiative lifetime (70 min) of the O, singlet state which
introduces difficulties in the interpretation of the observed
rates of brightness variation. The e-folding time constant of
any local change (decrease or increase) cannot be less than
70 min without advection of air masses containing different
proportion of glowing O, molecules. For airglow brightness
decreasing more slowly the brightness reduction could be

caused by a combination of horizontal transport and a
decrease of the flux of O atoms modifying the local O
density and airglow brightness. In those locations where the
airglow intensity increases there must be enhanced down-
ward flux of O atoms.

[22] The observations show two types of behavior for the
Venus oxygen airglow temporal evolution. On the one hand,
the large-scale 1000—3000 km structures survive at least for
a few hours (longer than the radiative decay time) but
change dramatically from day to day. Since limb scans of
O, emission slightly depend on latitude with higher lati-
tudes characterized by higher altitudes of the airglow
(Piccioni et al., submitted manuscript, 2008) these large
structures may descend progressively as they travel from
polar latitudes to the equator, compressing and increasing
the concentration of free O atoms. On the other hand, small-
scale bright structures with smaller scales (100 km) seem
related with the apparent convergence of motions tracked in
the airglow. In fact, the time evolution of the airglow maps
seems composed of two types of motions, the large-scale
structures moving like “fronts” or waves, and the bright
structures immersed on them or isolated, apparently moving
like passive tracers. We argue that at least part of the later
motions are real motions at the mesosphere as the newly
formed oxygen molecules are advected by the mesospheric
circulation.
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Figure 5. Mean apparent circulation of the mesospheric oxygen airglow brightness. (a) Averages of all
apparent motions tracked on the airglow and also marks the sampled regions appearing on Figure 4. A
reference vector of 100 m/s is included on the upper left corner of the map. (b) A schematic model of the
mean circulation of Venus mesosphere from these measurements. The background image corresponds to
a map of airglow brightness obtained on orbit 93, 22 July 2007, that can be compared with those on
Figure 1. Regions with no arrows indicate regions with not much available data. The apparent rotating
motions indicated at 50°S are found at a variety of local times depending on the particular orbit. The jet
from dawn to midnight is a repetitive structure while the jet from dusk to midnight is less regular from

one orbit to another.

[23] The brightest airglow patches may be regions of
strong subsidence (and local adiabatic warming) associated
with downdrafts that increase the volume concentration of
O atoms. If this is correct, spectral maps of the O, IR
nightglow should show a positive correlation between the
brightness and the rotational temperature of the emission
line. Partial confirmation of this point comes from stellar
occultation experiments performed by Venus Express
[Bertaux et al., 2007] which result on warm temperatures
at the airglow emission levels (95—100 km). Ground-based
observations have been made to correlate the rotational
temperature and brightness with results sometimes indicat-
ing such a correlation [Ohtsuki et al., 2005] and sometimes
not with some dependence on the morphology of the
airglow region [Bailey et al., 2007].

[24] Although the present work does not fully disentangle
the different contributions to the airglow variability and
therefore is not able to fully retrieve the mesospheric true
motions it does show that such an approach is possible.

VIRTIS-M observations obtained with shorter time differ-
ences than the radiative lifetime of the oxygen airglow
(70 min) will partially help to solve this problem. Although
part of the airglow motions tracked on this work were
obtained on image pairs separated by 30 min the short time
difference between the images translate into larger errors in
the derived motions and most of the data corresponds to
images separated by 1 hour. Both data sets produce similar
results on terms of the mean derived circulation.

[25] Further analysis should concentrate on identifying
any correlation between local temperature anomalies and O,
intensities. Also, detailed comparison with Venus GCMs
should allow to better constrain the role of gravity waves as
drivers of the airglow variability. The Venus Express
Extended mission should run during 2008-2009 with
higher levels of solar activity. According to NOAA Space
Weather Prediction Center (SWPC) a reasonable estimate is
an increase of a ~60% of the F10.7 index for the end of
2009 (http://www.sec.noaa.gov/SolarCycle/SC24). This

6 of 7



E00B02

will allow a higher airglow activity and a better sampling
of Venus mesosphere through its spatial distribution and
variability.

[26] Over the next years the combination of results from
Venus Express instruments (VIRTIS O, IR maps, SPICAV
thermal profiles and NO nightglow observations, VeRa
thermal data combined with cyclostrophic balance over
mid to high latitudes and cloud top wind tracking with
VMC and VIRTIS) and ground-based observations (night-
glows and Doppler winds retrieval) will allow a significant
improvement of our understanding of the mesospheric
dynamics and the underlying mechanisms driving its
variability.
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